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Monkeypox virus (MPV) is a virulent human pathogen that has
gained increased attention because of its potential use as a
bioterrorism agent and inadvertent introduction into North Amer-
ica in 2003. The US outbreak also provided an important opportu-
nity to study MPV-specific T cell immunity. Although MPV-specific
CD4� and CD8� T cells could recognize vaccinia virus (VV)-infected
monocytes and produce inflammatory cytokines such as IFN� and
TNF�, they were largely incapable of responding to autologous
MPV-infected cells. Further analysis revealed that, unlike cowpox
virus (CPV), MPV did not interfere with MHC expression or intra-
cellular transport of MHC molecules. Instead, MPV-infected cells
were capable of preventing T cell receptor (TcR)-mediated T cell
activation in trans. The ability to trigger a state of nonresponsive-
ness represents a unique MHC-independent mechanism for block-
ing antiviral T cell activation and inflammatory cytokine production
and is likely an important attribute involved with viral dissemina-
tion in the infected host.

immune evasion � orthopoxvirus � T cell immunity

Smallpox [Variola (VAR)] was eradicated from nature in 1977,
but the threat of deliberate or accidental release of VAR or

other virulent orthopoxviruses (OPV) has raised concern in recent
years (1–4). Monkeypox virus (MPV) is second only to VAR in
terms of OPV virulence—with mortality rates of �10% (5–8).
Inadvertent importation of this virus into the US in 2003 raised
MPV awareness and demonstrated first-hand how global travel can
quickly lead to unexpected outbreaks of zoonotic diseases (9–11).
Although MPV does not spread efficiently by human-to-human
contact (12–14), it serves as an important model for smallpox
(15–18) and shares several key features of pathogenesis. For
instance, unlike vaccinia (VV) (19), both VAR and MPV dissem-
inate through their infected hosts mainly by a cell-associated
viremia (15, 20–23). Moreover, evasion of host immune responses
is well documented; VAR infection of previously vaccinated hu-
mans and MPV infection of non-human primates can result in
infectious virus persisting for prolonged periods of time as an
asymptomatic infection in apparently healthy individuals (24–32).

The mechanisms underlying these forms of immune evasion are
not well understood. Many viruses employ a battery of immune
evasion strategies (33–38) and poxviruses in particular are equipped
to evade antiviral cytokines, chemokines, and/or antigen presenta-
tion (35, 39). We have shown that cowpox virus (CPV) interferes
with intracellular transport of MHC class I, a process that corre-
lated with evasion of antiviral CD8� T cell responses by CPV (40).
It was recently demonstrated that CPV open reading frame 203
retains MHC class I in the ER (41), and, because MPV encodes a
close homologue of CPV203, we expected to find a similar mech-
anism of immune evasion by MPV. In contrast, we observed that
MPV did not down-regulate MHC class I, but instead used a
mechanism of evasion that inhibited CD4� and CD8� T cell
activation after cognate interactions with MPV-infected cells. This
mechanism of abrogating local T cell responses may avoid systemic
immune suppression, while at the same time protecting the viral

reservoir from immune surveillance. Identification of the factor or
factors involved with MPV-induced T cell inhibition could prove
useful for developing new biologics aimed at preventing or allevi-
ating T cell-mediated diseases (42, 43).

Results
Antiviral CD4� and CD8� T Cells Recognize VV-Infected Monocytes but
Not MPV-Infected Monocytes. Several human HLA-binding peptide
epitopes are conserved between OPV such as vaccinia virus (VV)
and VAR (44), which led us to test the cross-reactive activity of
VV-specific T cells from recently vaccinated donors exposed to
MPV-infected cells (Fig. 1). After infecting PBMCs with an opti-
mized concentration of VV or MPV, we measured virus-specific T
cell responses by intracellular cytokine staining analysis (ICCS) (10,
40, 45). CD14� monocytes represent the main cell type infected by
these viruses (40) (data not shown), and they have the capacity to
present peptides to both virus-specific CD4� and CD8� T cells. In
Fig. 1A, we measured the frequency of IFN��TNF�� CD8� T cells
after culture in medium alone (negative control used for back-
ground subtraction) or after stimulation with VV or MPV. Al-
though VV-specific T cells were clearly able to recognize and
respond to VV-infected cells (1239 IFN��TNF�� T cells per
million CD8� T cells), they were largely incapable of responding to
MPV-infected cells (27 IFN��TNF�� T cells per million CD8� T
cells). This result indicated that either the immunodominant pep-
tides of MPV differed from VV or that MPV was evading virus-
specific T cells. To distinguish between these possibilities, we
examined the T cell responses of MPV-immune individuals as well.
Similarly to the results observed with the VV-specific T cells,
MPV-specific T cells could recognize VV-infected cells but were
unable to respond to MPV-infected cells (830 vs. 28 IFN��TNF��

T cells per million CD8� T cells).
To determine whether the poor recognition of MPV-infected

cells represented a common finding among genetically diverse
individuals, we measured OPV-specific T cell responses against VV
and MPV, using PBMCs from a total of 28 subjects who were
VV-immune, MPV-immune, or VV�MPV-immune (i.e., VV-
immune subjects who contracted MPV) (Fig. 1 B and C). Similar
to Fig. 1A, all subjects demonstrated VV-stimulated CD8� T cell
responses that were reduced by �90% if stimulated with MPV
instead of VV (Fig. 1B). Not only were virus-specific CD8� T cell
responses lower after exposure to MPV, but virus-specific CD4� T
cell responses were also reduced by �90% in comparison with VV
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(Fig. 1C). The reduced antiviral T cell response elicited after
exposure to MPV was not due to decreased infection rates because
both viruses readily infected CD14� cells (Fig. 1D). These obser-
vations indicate that MPV is efficient at infecting primary human
monocytes but does not trigger inflammatory cytokine production
(IFN� or TNF�) by virus-specific T cells.

MPV Does Not Down-Regulate MHC Class I or MHC Class II on Human
Monocytes. In previous studies, we discovered that cowpox virus
(CPV) evaded antiviral T cell responses by down-regulating
MHC class I (40). To determine whether MPV used a similar
evasion strategy, we examined surface expression levels of MHC

class I (HLA-A, -B, and -C) and MHC class II (HLA-DR) on
primary human monocytes that were infected with VV, CPV, or
MPV (Fig. 2A). CPV infection resulted in substantial down-
regulation of MHC class I surface expression, whereas VV
infection had no effect. Although MPV infection resulted in
minor MHC class I down-regulation in certain cell lines (data not
shown), MPV infection did not down-regulate MHC class I
expression on primary human monocytes despite highly effective
evasion from CD8� T cell recognition (Fig. 1). In contrast to
MHC class I, MHC class II expression was not altered by VV,
CPV, or MPV infection (Fig. 2 A).

Although we observed little or no reduction of MHC class I
surface expression on MPV-infected monocytes, it was still
possible that MPV interfered with intracellular transport of
newly synthesized MHC class I. To test this possibility, we
examined the fate of newly synthesized MHC class I molecules
by pulse–chase labeling and immunoprecipitation. Uninfected
HeLa cells, or cells infected for 5 h with VV, MPV, or CPV, were
metabolically labeled for 20 min followed by a 0-, 30-, or 60-min
chase period (Fig. 2B). MHC class I was immunoprecipitated
with the conformation-specific antibody, W6/32, which recog-
nizes assembled MHC class I. The precipitated material was
treated with Endoglycosidase H (EndoH) to monitor the mat-
uration and addition of glycan residues to MHC class I upon
passage through the Golgi network. MHC class I from unin-
fected cells rapidly exited the ER as reflected by the acquisition
of EndoH resistance (ER). In VV-infected cells, MHC class I
molecules exited the ER with similar kinetics as in uninfected
cells. In contrast, MHC class I remained EndoH sensitive (ES)
in CPV-infected cells, consistent with our previous studies (40)
and the observation of decreased surface MHC class I expression
(Fig. 2 A). MHC class I molecules in MPV-infected cells, how-
ever, did not show signs of retention; instead they matured
similarly to uninfected and VV-infected cells. These data indi-
cate that the exit of MHC class I molecules from the ER is
normal in MPV-infected cells. Low molecular weight proteins
(arrowheads) coprecipitated with MHC class I in MPV-infected
cells, but the same bands were also observed with control
immunoprecipitations of an unrelated protein, CD44, indicating
that this is not an MHC class I-specific interaction [supporting
information (SI) Fig. S1]. In those experiments, we found that
CD44 exit from the Golgi was unaffected by VV, CPV, or MPV,
consistent with the conclusion that infection with these viruses
does not result in a general interference with glycoprotein
trafficking. In all virus-infected cells we observed a reduction in
overall levels of immunoprecipitated MHC class I compared
with control, which is likely due to OPV shutoff of host cell
transcription (Fig. 2B). Because MPV-infected cells showed low
MHC class I recovery by immunoprecipitation, we also explored
the possibility that MPV preferentially degrades newly synthe-
sized MHC class I molecules. Therefore, we performed pulse–
chase experiments in the presence of a proteasomal inhibitor,
MG132 (46), and immunoprecipitated virus-infected cell lysates
with conformation-independent polyclonal antiserum K455 (47)
to recover both folded and unfolded MHC class I heavy chains.
Although we observed a stabilizing effect on MHC class I in the
presence of proteasome inhibitor in control experiments with
cells transduced with recombinant adenovirus expressing
HCMV-US2 (48) (data not shown), we recovered similar
amounts of MHC class I in the presence or absence of MG132
from both VV and MPV-infected cells (Fig. 2C). Taken together,
these data suggest that expression and maturation of MHC class
I is not substantially different between MPV-infected and VV-
infected cells and that interference with antigen presentation is
unlikely to account for the dramatic difference in T cell stimu-
lation by these two viruses.
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Fig. 1. MPV immune evasion from orthopoxvirus-specific T cells. (A) Antiviral
CD8� T cell responses from a VV-immune (6 months post-VV infection) or a
MPV-immune (4 months post-MPV infection) subject were measured by ICCS
after 18 h of stimulation with VV or MPV (MOI of 0.3) with Brefeldin A added
for the last 6 h of stimulation. PBMCs were gated on CD8��CD4� T cells. The
numbers in the upper right quadrants depict the frequency of virus-specific
IFN��TNF�� T cells per million CD8� T cells identified after background
subtraction from control wells containing Medium alone (shown in parenthe-
sis). (B) Virus-specific CD8� T cell responses against VV or MPV were deter-
mined as in A, using PBMCs from VV-immune subjects (VV; 4–6 months
postinfection, n � 10), MPV-immune subjects (MPV; 3–31 months post-MPV
infection, n � 10) or VV-immune subjects who contracted MPV infection
(VV�MPV; 3–13 months post-MPV infection, n � 8). (C) Virus-specific
CD4�CD8�� T cell responses against VV or MPV were determined as in A. (D)
Monocytes were identified based on forward and side scatter characteristics
and CD14 surface expression. The percentage of CD14� monocytes infected
with VV or MPV was determined after 18 h of infection, using a polyclonal
anti-orthopoxvirus antibody (40).
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MPV Inhibits T Cell Responses Against Other Viruses. To determine
whether MPV was able to prevent T cell stimulation by VV in a
dominant fashion, we performed coinfection experiments with
MPV and VV (Fig. 3). An optimized dose of VV (MOI of 0.3)
or MPV (MOI of 0.3) was added to individual wells containing
PBMCs from a VV-immune subject. Alternatively, VV was
mixed with MPV at a ratio of 10:1, 1:1, or 1:10 (MPV MOI of
0.03, 0.3, and 3.0, respectively), and antiviral T cell responses
were measured by calculating the number of virus-specific
IFN��TNF�� T cells (Fig. 3A). Analysis of antiviral T cell
responses by four more VV-immune subjects confirmed that T
cell activation was highest after stimulation with VV alone (Fig.
3B). In contrast, T cell-mediated cytokine responses were de-
creased by nearly 80% when a low dose of MPV was added
(VV:MPV ratio of 10:1), and they dropped by �95% when cells
were coinfected with a 1:1 mixture of VV and MPV. Similar
results were observed with PBMCs from a MPV-immune subject
(data not shown). The observation that MPV inhibits T cell
activation by VV suggested that MPV encodes an immunomodu-
latory protein that is absent from VV. Moreover, because this
inhibition occurred even at low ratios of MPV/VV, it suggested
that this mechanism operates in trans, i.e., that T cell stimulation
by VV-infected cells was inhibited by MPV-infected bystander
cells.

To test this hypothesis, we infected Epstein–Barr virus (EBV)-
transformed lymphocytic cell lines (LCLs) separately with either
MPV or VV, washed the cells extensively, and then mixed them
together immediately before culturing them with autologous
PBMCs in the presence of Brefeldin A for 6 h. By infecting the
target cells separately, we could determine whether the inhibi-
tory properties of MPV were associated only with MPV-infected
cells or whether they could inhibit T cell responses to neighbor-
ing cells that were infected with VV and EBV but not directly

infected with MPV (Fig. 3C). The LCLs and PBMCs used in
these experiments were obtained from EBV-seropositive sub-
jects (data not shown). For this reason, a readily detectable
IFN��TNF�� CD4� or CD8� T cell response was observed
after incubation with autologous EBV-transformed LCLs alone
and this represented the EBV-specific T cell response. Mixing
EBV� LCLs at a 1:1 ratio with VV-infected EBV� LCLs allowed
measurements of the combined EBV-specific and VV-specific T
cell responses. Mixing EBV� or EBV�VV� LCLs at a 1:1 ratio
with MPV� LCLs resulted in a marked decrease in virus-specific
T cell activation. The immunosuppressive factor (or factors)
produced by MPV does not appear to be a secreted protein
because extensive down-regulation of autologous T cell re-
sponses occurred rapidly and in the presence of Brefeldin A,
which blocks secretion of most proteins that traffic through the
Golgi. These studies demonstrate that MPV both blocks VV-
specific T cell responses and sharply reduces antiviral T cell
responses to a common �-herpesvirus (EBV). Moreover, this
indicates that MPV-infected cells can inhibit T cell responses in
trans, thereby blocking T cell activation against other virus-
infected cells that are not directly infected with MPV.

MPV Inhibits T Cell Responses to Anti-CD3 Stimulation. The ability of
MPV to block T cell activation in trans suggested that this virus
is both immune-evasive and immunosuppressive. To verify this
suppressive effect by an independent approach, PBMCs from
OPV-naı̈ve subjects were infected with VV or MPV or were
cultured without added virus for 12 h; then the T cells were
activated by anti-CD3 stimulation for 6 h (Fig. 4). Plate-bound
anti-CD3 stimulation (Fig. 4A) triggers polyclonal activation of
memory T cells directly through the T cell receptor (TcR) in the
absence of costimulation and without requiring endogenous
processing/presentation of peptide antigens. There were only
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Fig. 2. Inhibition of antiviral T cell responses
by MPV is not mediated by MHC down-regula-
tion. (A) After 16 h of infection, virus-infected
CD14� cells were identified by intracellular
staining for OPV antigens as described in ref.
40. Surface expression of MHC class I (HLA-A, -B,
and -C) on virus-infected primary human mono-
cytes was down-regulated by CPV, but not by
VV or MPV. Surface expression of MHC class II
(HLA-DR) was unaltered by infection with CPV,
VV, or MPV. (B) MHC class I assembly and trans-
port was measured in OPV-infected cells. HeLa
cells were uninfected (uninfected* indicates a
lighter scanned image of the same experiment)
or infected with VV, MPV, or CPV for 5 h
(starved for the last 1 h) and pulse-labeled for
20 min, and the labels were chased for 0, 30, or
60 min as indicated. More than 90% of HeLa
cells were infected (data not shown), and cell
lysates were immunoprecipitated with anti-
MHC class I antibody, W6/32. The precipitated
material was treated with EndoH and sepa-
rated by SDS/PAGE. HC, heavy chain; ER, EndoH-
resistant band; ES, EndoH-sensitive band. These
data show one of four independent experi-
ments, each with comparable results. (C) Stabil-
ity of MHC class I heavy chain was determined in
OPV-infected cells. HeLa cells were infected
with VV or MPV for 5 h; starved for the last 1 h
in the presence or absence of proteasomal in-
hibitor, MG132; and pulse-labeled for 20 min,
and the labels were chased for 0, 30, or 60 min
in the continued presence or absence of
MG132. The lysates were then immunoprecipitated with polyclonal anti-MHC class I antibody, K455, followed by EndoH treatment and SDS/PAGE. The open
arrowheads indicate the presence of nonspecific low molecular weight proteins that were immunoprecipitated with either anti-MHC class I or anti-CD44
antibodies (see Fig. S1).

Hammarlund et al. PNAS � September 23, 2008 � vol. 105 � no. 38 � 14569

M
IC

RO
BI

O
LO

G
Y

http://www.pnas.org/cgi/data/0800589105/DCSupplemental/Supplemental_PDF#nameddest=SF1


marginal changes in CD4� and CD8� T cell responses if PBMCs
were infected with VV before anti-CD3 stimulation (P � 0.02
and P � 0.09, respectively). MPV infection, however, was
suppressive, resulting in nearly 80% reduction in CD4� T cell
responses and �60% reduction in CD8� T cell responses (P �
0.001 and P � 0.002, respectively) (Fig. 4B). As another ap-
proach to determine whether the immunosuppressive factor
produced by MPV was a cell-associated protein or a secreted
protein, PBMCs were stimulated with anti-CD3 in the presence
of supernatants from VV-infected or MPV-infected autologous
LCLs (Fig. 4C). In contrast to the results obtained in the
presence of MPV-infected cells (Figs. 3 and 4 A and B),

supernatants from virus-infected LCLs did not elicit a significant
(P � 0.2) immunosuppressive effect on T cells stimulated with
anti-CD3. This indicates that MPV produces a cell-associated
factor (or factors) that can inhibit T cell activation independently
of MHC class I or class II processing/presentation.

Inactivation of MPV Allows Antigen Presentation to Virus-Specific T
Cells. The impressive ability of MPV to evade virus-specific T cell
responses (Fig. 1) led us to suspect that an early gene product
may be involved. To investigate this possibility, PBMCs were
uninfected or infected with VV or MPV in the presence or
absence of cytosine arabinoside (AraC) to block late gene
expression (Fig. 5 A and B). In comparison with medium alone,
AraC partially inhibited T cell responses to anti-CD3 stimula-
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per million T cells identified after background subtraction from control wells
containing Medium alone. (B) PBMCs from 4 VV-immune subjects (1 month
postinfection) were stimulated with VV and/or MPV as in A. The antiviral T cell
response was determined by ICCS and normalized to 100% based on the
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ogous LCLs. Statistical significance in B and C was determined using a two-
tailed paired Student’s t test.
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tion. Similar effects were seen with VV-infected PBMCs,
whereas PBMCs infected with MPV again showed the greatest
inhibition of anti-CD3 responses even in the presence of AraC.
This indicates that an early gene product is responsible for
MPV-induced immunosuppression of CD4� and CD8� T cell
responses because inactivation of late gene expression had no
measurable effect on the suppressive mechanism invoked by
MPV. This result also renders it unlikely that proteins released
because of cytopathic effects were responsible for T cell
suppression.

MPV-immune individuals mount OPV-specific CD4� and
CD8� T cell responses that are equal or higher than that
observed after VV infection (Fig. 1 B and C, and data not
shown). Thus, despite our in vitro data showing efficient T cell
evasion in monocytes, MPV induces a strong T cell response in
vivo. One possibility is that antiviral T cells are elicited to peptide
antigens presented through nonclassical antigen presentation or
‘‘cross-presentation.’’ To determine whether alternative antigen
presentation could overcome MPV immune evasion, PBMCs
from an MPV-immune individual (representative of 12 OPV-
immune subjects; data not shown) were stimulated with live VV,
live MPV, UV-inactivated VV or UV-inactivated MPV (Fig.
5C). Similar to the results shown in Fig. 1, live infection with
MPV resulted in nearly complete immune evasion in comparison
with VV. In sharp contrast, UV-inactivation of MPV resulted in
efficient priming of MPV-specific CD4� T cell responses that
were similar to that observed after live VV or UV-inactivated
VV stimulation. This may be expected because MHC class II
presentation typically involves the exogenous pathway of antigen

presentation. MHC class I presentation to CD8� T cells, how-
ever, is typically most efficient after endogenous processing and
presentation. Live MPV infection allows synthesis of early gene
product(s) that precluded CD8� T cell activation (Fig. 5B), but
nonclassical antigen presentation of UV-inactivated MPV in-
duced readily detectable CD8� T cell responses (Fig. 5C). These
results indicate that alternative antigen presentation of viral
proteins is one mechanism in which MPV evasion may be
overcome in vitro and possibly in vivo.

Discussion
In this study, we demonstrate a unique immune evasion mech-
anism that is used by MPV to simultaneously evade antiviral
CD4� and CD8� T cell responses. This stealth tactic is MHC-
independent and relies on MPV-infected cells to trigger a state
of unresponsiveness in T cells. This appears to require direct
cell-to-cell contact because supernatants from MPV-infected
cells were not inhibitory and T cell inhibition was observed in the
presence of brefeldin A, a potent (albeit not universal) inhibitor
of the secretory pathway. This immunosuppressive effect re-
quired transcription of an early virus gene product and could be
overcome by UV-inactivating the virus before incubation with
PBMCs. This indicates that MPV encodes a new type of immune
modulator that directly or indirectly (through the potential
induction of an uncharacterized cellular factor) suppresses an-
tiviral T cell responses elicited by the host. This suppression is
likely to play an important role in viral pathogenesis and systemic
spread of cell-associated virus.

The evasion tactics used by MPV to counter immune surveil-
lance by virus-specific T cells may explain why this virus is able
to spread efficiently as a cell-associated viremia (15, 23). More-
over, because neutralizing antibody plays a major role in pro-
tection against virulent OPV infections (18, 49, 50), systemic
spread within circulating monocytes may also protect the virus
from the effects of virus-specific humoral immunity. The T cell
suppressive effect described here may explain why vaccinated
monkeys are not protected from lethal MPV challenge by
OPV-specific memory T cells in the absence of neutralizing
antibodies (18). VAR also spreads systemically as a cell-
associated viremia (20, 21) and may use a similar evasion
mechanism to overcome cellular immune responses of the host.
Elucidation of the gene or genes in MPV that elicit this effect is
an area of active investigation and will be the first step in
determining whether a related homolog exists in the VAR
genome.

Individuals who recover from MPV infection are able to
mount antiviral T cell responses that appear similar or higher in
overall magnitude to that elicited by VV infection (Fig. 1),
despite the existence of an immune evasion mechanism that
severely blocks T cell recognition of MPV-infected monocytes or
LCLs (Figs. 1, 3, and 5). One explanation for this is that induction
of the T cell response in vivo may occur indirectly through
alternative antigen presentation (Fig. 5) and/or cross-priming.
Alternatively, it is possible that certain cell types may be able to
overcome the immunoevasive effects of MPV infection and
directly present peptide antigens to T cells (I. Messaoudi and S.
Wong, personal communication). Future experiments will elu-
cidate which cell types are susceptible to this form of viral
manipulation. Moreover, identifying the factor (or factors)
involved with this process could lead to improved treatments for
virulent OPV infections and the development of potential new
biologics that could be used to abrogate destructive T cell
responses in certain disease settings (42, 43).

Methods
Subjects. MPV-immune adults contracted MPV during the 2003 outbreak in
Wisconsin (10). VV-immune adults from Oregon were vaccinated with DryVax
at 1–16 months before sample collection, and VV-naı̈ve subjects were re-

C

A

–
–

–
+ – + – +

B
p p p p 

TNFα

Medium

Ara-C:
Virus:

VV

= 0.06 = 0.67 = 0.03= 0.005
CD4

(5) 341

997 148

10

24 270(0)

20

40

60

80

100

120

20

40

60

80

100

120
CD8

VV VV

UV-VV MPV

MPV MPV –
–

–
+ – + – +Ara-C:

Virus: VV VV MPV MPV

UV-MPV

IF
N
γ

C
D

4
%

 o
f a

nt
i-C

D
3

%
 o

f a
nt

i-C
D

3

C
D

8

1073957

Fig. 5. MPV immune evasion requires active viral replication. (A and B) To
determine whether early gene expression was required for MPV immune
suppression of TcR-mediated cytokine responses, PBMCs were cultured in
medium or infected with VV or MPV for 12 h in the presence or absence of
Arabinoside C (Ara-C) to prevent late gene expression. Anti-CD3 and Brefeldin
A were added for an additional 6 h and ����TNF�� responses in CD4� T cells
(A) or CD8� T cells (B) were determined by ICCS and normalized to the values
obtained after anti-CD3 stimulation of uninfected cultures. (C) To determine
whether nonreplicating MPV was capable of suppressing T cell responses,
PBMCs from a representative MPV-immune subject (4 months postinfection)
were cultured in Medium or with VV, MPV, UV-inactivated VV (UV-VV), or
UV-inactivated MPV (UV-MPV) at a MOI of 0.3. After 12 h stimulation followed
by an additional 6 h incubation in the presence of Brefeldin A, CD4� and CD8�

T cell responses were determined by ICCS. Dotplots were pregated on CD4� or
CD8� T cells and the numbers in the upper right quadrants depict the fre-
quency of virus-specific IFN��TNF�� T cells per million T cells after background
subtraction. Statistical significance in A and B was determined using a two-
tailed paired Student’s t test.
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cruited from Wisconsin. Each subject provided informed written consent
before participation and the Institutional Review Board of Oregon Health and
Science University approved all clinical studies.

Intracellular Cytokine Staining (ICCS). In vitro stimulation conditions are de-
tailed in SI Text. ICCS was performed as described in refs. 10 and 45.

Pulse–chase. Pulse–chase experiments were performed as described in ref. 40.
Please see SI Text for details.

Statistics. Statistical significance was tested in Microsoft Excel using a two-
tailed Paired Student’s t test. P � 0.05 was considered statistically significant.
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